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Luminescent Paint for Pressure and Temperature Measurements on
Rotating Machinery

Principal Investigator Professor John Sullivan
Graduate Students - Tianshu Liu, Steve Burns, Bryan Campbell
Purdue University
School of Aeronautics and Astronautics

ABSTRACT

This paper presents an overview of the current state of temperature- and pressure-
sensitive luminescent paint techniques. Topics include photophysical foundations, paint
preparation and calibration, measurement systems, accuracy, and time response.
Applications of the luminescent paint technique in aerodynamic testing are discussed and

typical examples of current research are given.

I. INTRODUCTION

In recent years, new techniques based on luminescence quenching have been
developed for measuring temperature and pressure distributions on wind tunnel models.
These new sensors are called temperature-sensitive paint (TSP) and pressure-sensitive
paint (PSP). Traditionally, arrays of thermocouples and pressure taps have been used to
obtain surface temperature and pressure distributions. These techniques can be very

labor-intensive and model preparation costs are high when detailed maps of temperature




and pressure are desired.  Further. spatial resolution is limited by the number of
instrumentation locations chosen. By comparison. the TSP and PSP techniques provide a
way to obtain simple, inexpensive. full-field measurements of temperature and pressure
with much higher spatial resolution. Both TSPs and PSPs incorporate luminescent
molecules in a paint which can be applied to any aerodynamic model surface. Figure 1
shows a schematic of a paint layer incorporating a luminescent molecule.

The paint layer is composed of luminescent molecules and a polymer binder
material, both of which can be dissolved in a solvent. The resulting ‘paint’ can be applied
to a surface using a brush or sprayer. An alternative method of applying the paint is to
deposit the polymer matrix on the surface first and then apply the luminophore in solvent
solution to the polymer layer. As the paint dries, the solvent evaporates and leaves behind
a polymer matrix with luminescent molecules embedded in it. Light of the proper
wavelength to excite the luminescent molecules in the paint is directed at the model and
luminescent light of a longer wavelength is emitted by the molecules. Using the proper
filters, the excitation light and luminescent emission light can be separated and the
intensity of the luminescent light can be determined using a photodetector. Through the
photo-physical processes known as thermal- and oxygen-quenching, the luminescent
intensity of the paint emission can be related to temperature or pressure. Hence, from the
detected luminescent intensity, temperature or pressure can be determined. A detailed
discussion of the foundations of the luminescent paint technique will be presented later.

1.2 History of temperature-sensitive paints



An europium-based TSP system in a polymer binder was developed by Kolodner et
al. (1982, 1983a. 1983b) at Bell Laboratory to measure the surface temperature
distribution of an operating integrated circuit. This paint system was adapted at Purdue
University for aerodynamic testing (Campbell et al. 1992, 1993. 1994, Liu et al. 1992,
1994a. 1994b, 1995a, 1995b, 1996a, 1996b). TSP formulations were also studied by a
group of chemists at the University of Washington (Gallery 1993) and one of their paints
has been used for transition detection at NASA-Ames (McLachlan et al. 1993b). A
similar method for measuring surface temperature distributions utilizes microcrystalline
thermographic phosphors. This technique has the same photophysical foundations as the
TSP method. However, unlike the polymer-based TSP system, thermographic phosphors
are usually applied to a model surface in powder or crystal fonﬁ. Thermographic
phosphors have been used in fiber-optic thermometry systems for testing of electronics
systems (Wickersheim and Sun 1985). Aerodynamic applications of thermographic
phosphors mixed with binders and ceramic materials were first explored by Bradley (1953)
to measure surface temperature and further used in high speed wind tunnels by Czysz and
Dixon (1969) at McDonnell Douglas and Buck (1988, 1989, 1991) at NASA-Langley.
Thermographic phosphors for temperature measurement in gas turbine engines were
developed by Noel et al. (1985, 1986, 1987), Tobin et al. (1990), and Alaruri et al.
(1995).  Other methods used to obtain surface temperature maps are liquid crystals
(Hippensteele et al. 1983, 1985, Babinsky and Edwards 1993) and infrared thermography
(Gartenburg and Robert 1991). Generally speaking, these two-dimensional techniques all

provide surface temperature distributions at higher resolution than thermocouples. Some




are more sensitive, some have faster time response. and some have a broader range of
temperature measurement.

1.3 History of pressure-sensitive paints

In 1980. Peterson and Fitzgerald demonstrated a surface flow visualization
technique based on oxygen quenching of dye fluorescence. Their preliminary experiment

revealed the possibility of using the oxygen-quenching sensor for surface pressure

 measurement. The Central Aero-Hydrodynamic Institute (TsAGI) in Russia was one of

the pioneers of the PSP technique for aerodynamic testing, and jointly developed a PSP
system with the Italian firm INTECO (Ardasheva et al. 1985, Volan and Alati 1991,
Bukov et al. 1992, Bukov et al. 1993, Troyanovsky et al. 1993). INTECO’s system was
demonstrated in several wind tunnel tests in the early 1990s in the United States and
Germany. Pressure sensitive paints were developed independently in the United States .by
a group based at the University of Washington (Gouterman et al. 1990, Kavandi et al.
1990). Their early paints used platinum-octaethylporphorin (PtOEP) as the luminescent
molecule, and newer work has concentrated on several proprietary paint formulations.
Considerable work on the PSP technique has also been done at McDonnell Douglas
(Morris et al. 1993a, 1993b, 1995, Donovan et al. 1993, Dowgwillo, et al. 1994, Crites
1993), NASA-Ames (McLachlan et al. 1993a, 1993b, 1995a, 1995b, Bell and McLachlan
1993) and Boeing. European researchers have also been working on PSP systems (Engler

et al. 1991a, 1991b, Engler 1995, Davies et al. 1995). More and more institutions are

- becoming interested in developing the PSP technique because of its high spatial résolution

and low cost.




2. PHOTOPHYSICAL FOUNDATIONS

This section provides a brief description of the luminescence and quenching
processes which lay the photophysical foundation for the TSP and PSP techniques. More
detailed discussions of the mechanisms underlying photophysical processes in polymers
and solutions are given by Rabek (1987), Becker (1969), and Parker (1968). Molecular
photoluminescence (fluorescence and phosphorescence) is a radiative phenomenon that
occurs when a molecule absorbs a photon of light. When one of a pair of electrons in a
molecule is excited to a higher energy level, there are two permitted states: the singlet
state (S;) and the triplet state (T,). In the singlet state, the spin of the promoted electron is
paired with the ground state electron. In the triplet state, however, the spins of the two
electrons become unpaired. The excited singlet state is more energetic than the
corresponding excited triplet state. More importantly, a singlet/singlet transition is much
more probable than a singlet/triplet transition which involves a change in electronic state.
As a consequence, direct excitation of a ground state molecule to the triplet state has a
very low probability of occurrence. Therefore, after absorption of the photon, a molecule
that is initially in the singlet ground state S, usually converts to the excited singlet state S;
(i 2 1). Within picoseconds, the excited stateé Si (i > 1) relax to the lowest singlet state S,
through internal conversion without emission of radiation. The excitation energy in the S,
state may be dissipated by emission Qf radiation or through radiationless deactivation.
Fluorescence is the emission process produced by a transition from the S, to S, state.

However, it is also possible for an excited molecule in the S, state to convert to an excited




triplet state by a radiationless transition called intersystem crossing. The lowest excited
triplet state Tl. is formed by vibrational relaxation. Phosphorescence is the emission
process produced by a transition from the T, to S, states. In contrast to fluorescence.
phosphorescence is a delayed emission, typically with a longer lifetime. From an
application standpoint, the most interesting fact is that the excited singlet and triplet states
can be deactivated by quenching processes. Two important quenching processes are
thermal quenching and oxygen quenching, which are related to the TSP and PSP
techniques, respectively.

In order to quantify these photophysical processes, the quantum yield (or quantum

efficiency) of luminescence @ is introduced

b= rate of luminescence emission 1 1
rate of excitation I,

where [ is the luminescence intensity and I, is the absorption intensity. The absorption

intensity I, can be described by the Beer-Lambert law
I, =1, (1-107") (2)

where € is the molar absorptivity, ¢ is the concentration of the absorbing species, I, is the
path length traversed by the light beam, and I is the monochromatic excitation light
intensity.

2.1 PSPs




For a PSP. the quantum yield of emission in the presence of an oxygen quencher is

given by a simple model

k
[, k{+kp+ky[O,]

where k. is the rate constant for luminescence emission, kp is the rate constant for
radiationless deactivation, kq is the rate constant for oxygen quenching, [Oa] is the
concentration of oxygen, and T is the lifetime of an excited molecule. Dividing (3) into the

quantum yield in the absence of oxygenie ®, =1,/1, =k_/(k_ +ky), one can obtain

the Stern-Volmer equation

IT°=1+kQ‘ro[Oz] 4)

where Ip and 7o = 1/(ky + kp) are the luminescent intensity and lifetime of an excited
molecule in the absence of oxygen quencher, respectively. According to Henry’s law,
[O2] e Py, and further [O,] o« P, where P, is the partial pressure of O, and P is the air
pressure. By taking the ratio between I and a reference intensity I at a known constant
reference pressure P, the Stern-Volmer relation can be put in a form suitable for

aerodynamic testing purposes,




[ P
o = A()(T)-*-‘AI(T) (5)
[ P

ret

A more general expression is obtained by taking into account non-linear effects

I, < P’
“ =V A (T . 6
1 nZn()[Pj (6)

=0 ref

The coefficients A, have to be determined through calibration tests. In practice, a second-

order polynomial (N = 2) is adequate to give an accurate fit to experimental calibration

data. Note that the absorption intensity I, has been 'eliminated in (5) and (6). Therefore,

the effects of spatial non-uniformities of illumination, paint thickness, and luminophore

concentration can be eliminated by taking the ratio II.r. This greatly simplifies the

practical application of the PSP technique. Either (5) or (6) can serve as an operational

calibration relation for a PSP in aerodynamic testing.

Note that the coefficients A, are temperature-dependent since both the

radiationless deactivation rate kp and the oxygen diffusion and solubility in a polymer

depend on temperature. The deactivation term kp may be decomposed into a

temperature-independent part ko and a temperature-dependent part k, that is related to

thermally activated intersystem crossing (i.e. kp = ko + k;). The rate k, can be assumed to

have an Arrhenius form (Bennett and McCartin 1966, Song and Fayer 1991)

k, = Cexp(-E/RT) N



where C is a constant. E is the Arrhenius activation energy. R is the universal gas constant
and T is the thermodynamic temperature (in Kelvin). In addition to the intrinsic
temperature dependence of the radiationless process. temperature can also affect gas
diffusion in the polymer and thus influence oxygen quenching. For a diffusion-limited
quenching reaction, the quenching rate constant kq can be described by the Smoluchowski

equation (Szmacinski and Lakowicz 1995)

kQ=41er(D,,+DQ) (8)

where Dp and Dq are the diffusion coefficients of the probe and quencher in the polymer,
N is the number of molecules per millimole and p is a factor that depends on the quenching
mechanism. Over small temperature ranges, the diffusion coefficients are related to

temperature in the Arrhenius form. For example,

Dy = exp(—E, /RT) 9)

where Eq is the activation energy for the diffusion process of the quencher [O,]. Which of
these two mechanisms dominates temperature dependence of a PSP depends on the probe
molecule and polymer binder used. Results obtained by Gewehr and Delpy (1993) show

that the temperature dependence of oxygen diffusivity in a membrane of




polymethylmethacrylate (PMMA) has a stronger influence on the temperature dependence
of luminescence for a Pd coproporphyrin probe.

2.2 TSPs

For a TSP, it is assumed that the paint layer is not oxygen-permeable so that

[O,]=0. Hence, the quantum yield is simply given by

= = kLTO (10)

Relation (10) can be re-written by considering the temperature dependence (7) of the

radiationless deactivation rate

L, I,

T) 1o

= Ak, exp(— E/RT) (1)

where I(0) is the luminescence intensity at absolute zero (T = 0). By dividing (11) by a
reference intensity I, at a known constant temperature Ty, the absorption intensity I, can

be eliminated. Hence, one has

]n(I(T)[I(O)—I(Tref)])25[_1___1_] (i)
(Te)[10) - KT)]) R\T Ty



In a normal working temperature range in which T is close to T,. the factor
[100) = I(T)]/[I(0) = (T)] is nearly one. Hence. relation (12) can be approximately

written in the simple Arrhenius form

n I<T>]=£ 1o 03
I(Ter)) RUT Ty

Theoretically speaking, the Arrhenius plot of In[I(T)/I(T.)] versus |/T gives a straight line
of slope E/R. Tests indicate that the simple Arrhenius relation does fit experimental data
over a certain temperature range. However, for some paints, the data may not fully obey
the simple Arrhenius relation over a wider range of temperature. As an alternative, the
relation between the luminescence intensity and temperature can be expressed in a

functional form

I(T)
[(Te)

= F(T/Ty) (14)

The empirical expression F(T/T) could be a polynomial, exponential or other function
which fits the experimental data over a certain temperature range. Both (13) and (14) are
operational forms of the calibration relation for a TSP used for data reduction in practical

applications.

3. PAINT FORMULATION




In general. both TSPs and PSPs are prepared by dissolving a luminescent
substance in a polymer solution. Then. the mixtures can be applied on a surface by
spraying. brushing or dipping. After the solvent evaporates, a thin smooth uniform film of
the paint remains on the surface. in which the luminescent molecules are distributc in a
polymer matrix. The polymer binder is an important ingredient of a luminescent paint and
serves to adhere the paint to the surface of interest. In some cases, the pélymer matrix is a
passive anchor. In other cases, however, the polymer may significantly affect the
photophysical behavior of the paint through a complicated interaction between the
luminescent molecules and the macro-molecules of the polymer. Since the detailed role of
the polymer support in controlling the photophysical processes is not well understood, it is
basically a trial and error process to find an optimal combination of a lux.ninophore and a
polymer. A good polymer binder should be robust enough to sustain skin friction aﬁd
other forces on the surface of an aerodynamic model. Also, it must be easily applied to
the surface to get a thin smooth film (r.m.s. surface roughness is typically less than 1 um).
For TSPs, many commercially available resins and epoxies can serve as polymer binders if
they are not oxygen permeable and do not degrade the activity of the luminophore
molecules. In contrast, a good polymer binder for a PSP must have high oxygen
permeability besides being robust and easy to apply.

3.1 TSPs

Table I lists many TSP formulations as well as their spectroscopic properties,
temperature sensitivities and useful temperature measurement ranges. Data are collected

from the theses of Campbell (1993), Gallery (1993), Bugos (1989) as well as other



sources. For comparison among different TSP formulations. the maximum logarithmic
slope ( max{d[In(I/1.)]/dT}) is used as an indicator of the temperature sensitivity of a
TSP over a certain temperature range. where I.; is a reference luminescence intensity.
The logarithmic slope is used since it is independent of the reference intensity. Several
proprietary temperature-sensitive paints are also included in Table [ for comparison,
although their formulations are not known. Many TSP coatings are temperature-sensitive
over a range from -20 °C to 100 °C. Some can be used in a cryogenic temperature range
from -180 °C to -50 °C. Most of the microcrystalline thermograpnic phosphors are
suitable for high temperature measurements between 200 °C and 1100 °C.

Some TSP formulations have been successfully used to measure temperature in
various applications. In their measurements of the surface temperatl.lre on an operating
infegrated circuit chip, Kolodner and Tyson (1982, 1983a, 1983b) used europium
thenoyltrifluoroacetonate (EuTTA) doped into perdeutero-poly (methylmethacrylate)
(dPMMA). A similar paint, EuTTA dissolved in model airplane dope (Aero Gloss, Pactra
Inc.), has been applied to surface heat transfer measurements on aerodynamic models in
supersonic and hypersonic flows (Liu et al. 1995a, 1995b) and boundary layer transition
detection (Campbell 1993, Campbell et al. 1994). The paint made by mixing bipyridine
ruthenous dichloride hexahydrate (Ru(bpy)) in Shellac (Clear Shellac, Zinsser Inc.) was
used to demonstrate the feasibility of temperature measurement using a scanning laser
system (Hamner et al. 1994) and a phase detection system (Campbell et al. 1994).
Rhodamine B in polyurethane was developed for time-resolved thermal microscopy by

Romano et al. (1989). Some TSPs for cryogenic temperature measurement have been




used for transition detection, including Ru(trpy)-GP197 and Ru(VHI27)-GP197
(Campbell et al. 1994, Asai et al. 1996). High temperature thermographic phosphors have
been used for turbine blade temperature measurement (Noel et al. 1985, 1986. 1987.
Tobin et al. 1990. Alaruri et al. 1995). Detailed discussions on applications of TSP
systems will be given later.

3.2 PSPs

Many PSP formulations are listed in Table II along with their spectroscopic
properties and Stern-Volmer constants. In Table II, the Stern-Volmer constants A, and
A, are the coefficients in the relation I.«/I = Ay + A|(P/P.s), where the reference pressure
P is amﬁient pressure (1 atm). For PSPs which do not completely obey the linear Stern-
Volmer relation, the constants Ay and A; are obtained by fitting data in a linear range.
Results are collected from the theses of Wan (1993) and Burns (1995) and other sourcés,
which documented the absorption spectra, emission spectra and Stern-Volmer plots of
many oxygen sensing luminophores and supporting matrices. Table II also includes some
formulations that were used as oxygen sensors in medical applications and are potentially
useful in aerodynamic testing. Several proprietary PSP coatings have been successfully
employed to measure surface pressure on aerodynamic models at TsAGI (Troyanovsky et
al. 1993, Bukov et al. 1993), McDonnell Douglas (Morris et al. 1993a, 1993b, 1995) and
NASA Ames (McLachlan and Bell 1995a). The Stern-Volmer constant A, of these
proprietary PSP formulations is larger than 0.5, which generally indicates high pressure

sensitivity (Oglesby et al. 1995a).

14




A well-known PSP used in aerodynamic testing is prepared by dissolving platinum
octaethylporphyrin (PtOEP) in GP-197 resin solution (Kavandi et al. 1990, McLachlan et
al. 1993a. 1995b). Some fast-response coatings were suggested by Baron et al. (1993).
They are based on thin porous silica plates to which free-base tetra(pentafluorophenyl)
porphyrin (H.TFPP) dissolved in toluene is applied. Different porous silica plates include
silica coating applied on an aluminum plate painted white (SILICA-W), silica coating
applied to a bare aluminum plate (SILICA-B) and a commercial porous silica thin-layer
chromatography plate (TLC). However, these fast-response coatings have not been used
in wind tunnel tests. Perylene dye (Greengold) on a TLC plate was recently used on a
rotating propeller blade to measure the surface pressure distribution (Burns and Sullivan
1995). Ru(bpy) absorbed onto a porous silica plate was used to measure the pressure
distribution of an impinging air jet with a laser scanning system (Hamner et al. 1994).

For a PSP, the physical properties of the polymer binder are very important in
determining pressure sensitivity and time response of the paint. The diffusivity of oxygen
in the polymer is directly related to the time response of the paint. The solubility affects
the penetration of oxygen into the polymer film and the amount of oxygen sorbed in the
film under a certain pressure. The permeability, solubility and diffusion coefficients of
many polymers and porous materials have been listed by Krevelen (1976), Mulder (1991),
Fried (1995), and Robinson and Perlmutter (1994). Silica gel TLC plate is a highly porous
binder for a luminophore. However, it is not robust enough to sustain abrasion and high
friction and is very sensitive to moisture. These shortcomings limit its applications in

aerodynamic testing. Silicone rubbers (e.g. RTV), which are highly permeable to oxygen




and very robust, have also been used as PSP binders. Other suitable polymers for PSPs
can be found in the literature (Wan 1993. Gallery 1993. Xu et al. 1994). A sol-gel-derived
coating that was used to provide a support mutrix for an oxygen sensor may also be useful
for PSPs (MacCeraith et al. 1995).

In general, the behavior of a PSP depends on interactions between the polymer
structure and the probe molecules. For instancé. the non-linearity of the Stern-Volmer
plot for a Ru(bpy)-silica-gelv system results from microheterogeneity and Langmuir
adsorption effects in the polymer matrix (Hartmann et al. 1995). Here, the
microheterogeneity features very different environments provided by a solid-state matrix
like the polymer for the probe molecule. The micro-environment of sensor molecules
affects luminescence and quenching behavior. Meier et al (1995) found that the quenching
efficiency can be much improved when the oxygen sensor (Ru(bpy) complex)' is
encapsulated in the cavities of a zeolite rather than absorbed onto the surface of either the
zeolite or silica gel. Xu et al. (1994) reported that the oxygen quenching performance can
be improved by adding a heterogeneous component, such as silica filler, into a pure
homogeneous polymer. They also suggested guidelines for t-z design of suitable polymer
supports for oxygen sensors. In addition, the polymer can be affected by temperature
which in turn affects the performance of a PSP. Temperature can affect the coefficients of
oxygen solubility, diffusivity and permeability of the polymer and thus change the pressure
sensitivity and time fesponse of a PSP. Hence, the Stern-Volmer coefficients depend on
temperature not only due to changes in the rate of intersystem crossing, but also due to

variations in the oxygen diffusivity that determines the bimolecular quenching rate.




Evidence for these phenomena is given in the experiments of Gewehr and Delpy (1993)
who measured the temperature dependence of lifetime of a Pd coproporphyrin sensor in
nitrogen and air. Finally, the choice of the polymer for a PSP should be based on overall
considerations of its oxygen permeability. temperature effect, humidity effect. adhesion.

mechanical stability, photodegradation and other characteristics.

4. CALIBRATION

Calibration tests must be made to characterize TSPs and PSPs before they can be used
for aerodynamic testing. The calibration procedures for TSPs and PSPs are discussed in this
section.

4.1 TSP calibration

In order to quantitatively measure temperature with the TSP coatings, a calibratién
relating luminescent intensity to temperature is needed. Figure 2 shows a schematic of a
simple experimental set-up used for calibration of TSPs. The paint film is applied to an
* aluminum block (1.5 cm x 1.5 cm x 0.625 cm) which is thermally anchored using a high
thermal conductivity grease to a Peltier heater/cooler which controls the temperature of
the block. The temperature of the block is obtained from a thermometer probe placed in a
hole near the painted surface. The paint is excited with an illumination source (typically a
UV lamp or a laser) and the luminescent emission is focused through a lens and long-pass
filter onto a photodetector (photodiode, PMT or CCD camera). The signal from the
photodetector is amplified and fed to a PC computer. The dark current is subtracted from

the intensity. The temperature data from the thermometer is also collected by the




computer.  Hence. a calibration relation between the luminescence intensity and
temperature can be obtained. The simple system in Fig. 2 has been adapted by Campbell
et al. (1994) for calibration down to cryogenic temperatures. The paint sample is
thermally anchored to a copper bar cut at an angle of 45° at its top which rests in a
container filled with liquid nitrogen. Sample temperature near the temperature of liquid
nitrogen can be achieved by heat conduction through the copper bar. In this case, care
must be taken to prevent condensation of moisture from forming on the paint sample.
This 1s accomplished using an airtight container for the sample which can be purged with
dry nitrogen gas. The temperature-dependence of luminescent intensity for many paints
has been examined using the above system (Campbell et al. 1994). Crovini and Fernicola
(1992) designed a special oven for a fluorescent-decay temperature. sensor in order to
provide a controlled environment where temperature, pressure, and gas composition cén
be modified. In their set-up, the oven temperature stability is i. 0.03 °C and the
temperature uniformity is + 0.03 °C over the temperature range -20 to 200 °C.

Typical temperature dependencies of luminescent intensity are shown in Fig. 3 for
some TSPs. Several TSPs have high temperature sensitivity in the cryogenic temperature
range. Others can be used over a temperature range from -20 to 100 °C. Figure 4 shows
the Arrhenius plots for EuTTA-dope and Ru(bpy)-Shellac paints. Data are obtained in
calibration tests repeated over several days. The calibration curves are nearly linear over a
certain temperature range on the Arrhenius plot.

4.2 PSP calibration

18



The set-up for PSP calibration is similar to that for TSPs. as shown Fig. 5. APSP
sample is placed inside a vacuum chamber with an optical access window. The pressure
mside the chamber can be controlled and is measured using a pressure transducer. The
temperature of the paint sample is controlled by a Peltier heater/cooler and monitored by a
thermometer. Illumination light passes into the chamber and excites the luminescent paint.
The luminescence emission is collected with a lens, filtered by a long-pass or band-pass
optical filter and focused onto a photodetector. The photodetector signal is sampled by a
PC computer at different pressures. Thus, the relation between luminescence intensity and
pressure can be obtained at a constant temperature. The calibration data can be fit to the
Stern-Volmer equation (5) or (6). Figure 6 shows the Stern-Volmer curves for several
PSP formulations at ambient temperature (about 20 °C). When the calibration tests are
carried out over a range of temperatures, the temperature dependence of the coefﬁcieﬁts
in the Stern-Volmer relation can be determined. Figure 7 show the Stern-Volmer plots for
Ru(ph,-phen) in GE RTV 118 at different temperatures. Both the slope and intercept of
the Stern-Volmer plot tend to increase with temperature.

In practice, instead of a priori laboratory calibrations, some researchers opt to use
in-situ pressure calibration to reduce some systematic errors in aerodynamic testing
(Dowgwillo et al. 1994). In-situ calibration is performed on a model with pressure taps
during a wind tunnel test by correlating the local pressure data obtained from the taps with
the luminescent intensity at corresponding locations. In-situ calibration assumes that the
model is iso-thermal such that the effecté of temperature are eliminated. When the surface

temperature distribution is not spatially uniform, the in-situ method fails. Recently, Engler




(1995) performed pixei-oy-pixel calibration in the DLR transonic wind tunnel that can be
continuously pressurized. Since the positions of the camera and illumination source are
identical in calibrations and experiments. this method significantly improves the accuracy
of PSP measurements. However, pixel-by-pixel calibration cannot be done in most wind
tunnels since continuous pressurization is not available.

4.3 Lifetime (phase) calibration

The aforementioned calibrations are based on the measurement of the luminescent
intensity as a function of temperature and pressure. As shown in section 2, the
luminescent lifetime T is also a function of temperature and pressure. In the lifetime
(phase) detection system, a relation between the lifetime (phase) and temperature or
pressure must be determined. The apparatus used for the luminescent intensity calibration
in Figs. 2 and 5 can be adapted for lifetime calibration if the continuous excitation ligh[
source is replaced by a pulsed excitation light such as a pulsed laser or a flash lamp. After
an exciting pulse has ceased, the exponential decay of the luminescence is measured by a
photodetector and recorded with a PC computer or an oscilloscope. The luminescent
lifetime can be determined at different temperatures and pressures by fitting the data with
a simple exponential function I(t) = [(0)exp(—t/1). In some cases, a multi-exponential
function is used to fit the experimental data. Early instruments used to measure lifetime
were described by Brody (1957) and Bennett (1960). At present, lifetime measurement is
a routine test in a photochemistry laboratory. Another method equivalent to direct
lifetime measurement is phase detection. Due to the finite decay time of the luminophore,

the luminescence signal will be out of phase with the excitation light modulated at a



certain frequency. The phase difference B is related to the lifetime T by the equation B =
tan” (w1). where wis the modulation frequency. Thus, the phase difference is a function of
temperature and pressure.

Typical relations between lifetime and temperature for EuTTA-dope paint and
Ru(bpy)-Shellac paint are shown in Fig. 8. Similar lifetime-temperature relations for
different TSPs and thermographic phosphors can be found in the papers by Sholes and
Small (1980), Grattan et al. (1987), Bugos (1989) and Noel et al. (1985). In addition. the
dependence of the phase difference on temperature for Ru(bpy)-Shellac paint was given by
Campbell et al. (1994). For a typical PSP, Ru(ph,-phen) in GE RTV 118, a lifetime-
pressure relation at 22 °C is shown in Fig. 9. Calibration data follow the Stern-Volmer
relation. For a proprietary PSP, Davies et al. (1995) obtained calibration curves of
lifetime as a function of pressure and temperature. The Stern-Volmer relations between
lifetime and oxygen partial pressure or concentration for several other oxygen sensitive
luminescent materials were determined by Gewehr and Delpy (1993), Gord et al. (1995),

Sacksteder et al. (1993) and Xu et al. (1994).

5. MEASUREMENT SYSTEMS

The essential elements of the measurement systems for both TSPs and PSPs
include illumination sourcés, optical filters, photodetectors and data acquisition/processing
units. This section provides a brief description of four measurement systems: the CCD
camera system, the two-color luminophore system, the laser scanning system, and the

lifetime (phase) detection system. Each system has advantages over the others and
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researchers must choose the one most suitable to meet the specific requirements of their
tests.

5.1 CCD camera system

The CCD camera system for luminescent paints is the most commonly used in
aerodynamic testing. A schematic of this system is shown in Fig. 10. The luminescent
paint (TSP or PSP) is applied to the surface of the model. The paint is excited to
luminesce by an illumination source, such as a UV lamp or a laser. The luminescent
intensity is filtered optically to eliminate the illuminating light and then captured by a CCD
camera and transferred to a computer with a frame grabber board for image processing.
Both a wind-on image (at temperature or pressure to be determined) and a wind-off image
(at a known constant temperature or pressure) are obtained. In order to correct the dark
current dc offset in the CCD camera, a dark current level image is also acquired when no
light is incident on the camera. The ratio between the wind-on and wind-off images is
taken after the dark current level image is subtracted from both images, yielding a relative
luminescent intensity image. Using the calibration relations, the surface temperature or
pressure distribution can be computed from the relative luminescent intensity image.

Selection of the appropriate illumination source depends on the absorption
spectrum of the paint and the optical access of the facility. The source must provide a
large number of photons in the wavelength band of absorption. A variety of illumination
sources are available. Lasers with fiber-optic delivery systems have been used in wind
tunnel tests (Morris et al. 1993b, Crites 1993, Bukov et al.. 1992, Volan et al. 1991,

Engler et al. 1991, 1992). Other light sources reported in the literature include a xenon




arc lamp with a blue filter (McLachlan et al. 1993a), incandescent tungsten/halogen lamps
(Dowgwillo et al. 1994) and fluorescent UV lamps (Liu et al. 1995a. 1995b). Morris et al.
(1993a) and Crites (1993) discussed the characteristics of some illumination sources. For
imaging the surface, scientific grade cooled CCD digital cameras can provide high
intensity resolution (12 and 16 bits) and high spatial resolution (up to 2048 x 2048 pixels).
Since the scientific grade CCD camera exhibits good linearity and high signal-to-noise
ratio (SNR), it is particularly suitable to quantitative luminescent intensity measurements.
However, this type of the CCD camera is very costly. A less expensive consumer grade
CCD can{era can also be used for imaging if the system is carefully calibrated. The low
SNR can be greatly improved by averaging a sequence of images (Morris et al. 1993a).
When there are large intensity variations over the surface of a modei, a consumer grade
CCD camera is able to give acceptable quantitative results.

A necessary step in data processing is taking the ratio between the wind-on
luminescence image and the wind-off reference image at a known reference temperature or
pressure. As indicated in section 2, this ratio process can eliminate the effects of spatial
non-uniformity in illumination light, coating thickness, and luminophore concentration.
However, since aerodynamic forces may cause model motion and deformation in high-
speed wind tunnel tests, the wind-on image may not align with the wind-off image. Thus,
the ratio between the non-aligned images can lead to considerable errors in calculating
temperature or pressure using the calibration relations. Also, some distinct flow
characteristics, such as shock, transition and separation locations, could be smeared. In

order to correct this alignment problem, an image registration method was suggested by




Bell and McLachlan (1993) and Donovan et al. (1993). The principle of image
registration is based on a mathematical transform that maps the non-aligned and distorted
model planform in the wind-on image plane (x'. y') onto the reference model planform in

the wind-off image plane (x, y). In general, the transform can be written as a power series

(x,y) = ( Z a, X"y, Em: b, x''y'").

l.j=0 |"|=O

Geometrically, the constant terms represent translation, the linear terms represent rotation
and scaling, and the non-linear terms represent curvature and higher order corrections. To
determine the unknown coefficients a; and by, fiducial marks are placed on the model.
The displacement of these marks signifies how the model planform is shifted and
deformed. The number of marks needed depends on how many unknown coefficients are
to be determined by solving a linear system of algebraic equations such that the mark
locations in the wind-on image plane match those in the wind-off image plane. For most
wind tunnel tests, a second order transform (m = 2) is sufficient.

Note that image registration is a purely geometric correction method. It fails to
take into account differences in illumination light intensity between the wind-off and wind-
on cases. The error induced by the variation in illumination level due to model motion is
difficult to estimate. An analysis on this issue was given by Bell and McLachlan (1993) in
a simplified circumstance. If the illumination light is nearly homogenous and the model

displacement is small, the induced errors due to illumination variation should be small.
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Tests show that image registration considerably improves the quality of temperature and
pressure field images (McLachlan and Bell 1995).

5.2 Two-color luminophore system

The two-color luminophore system is a camera system for a two-color luminescent
paint. As mentioned above, the use of the normal CCD camera system requires a ratio
between the wind-on and wind-off luminescent images. This image ratio method
inevitably causes inaccuracy in determining temperature or pressure, although image
registration can be used to correct displacement effects. A two-color luminophore paint
would eliminate the need for a wind-off reference image. A two-color luminescent TSP is
made by combining a temperature-sensitive luminophore with a temperature-insensitive
reference luminophore. Similarly, a two-color luminescent PSP consists of a pressure-
sensitive luminophore with a pressure-insensitive reference luminophore. The probe
luminophore and reference luminophore can be excited by the same illumination.
However, there is ideally no overlap between the emission spectra of the probe
luminophore and reference luminophore such that two color luminescent images can be
completely separated by optical filters. The ratio between these two images can eliminate
effelcts of spatial non-uniformities in illumination, paint thickness and luminophore
concentration. ~ Besides the aforementioned combinations, a temperature sensitive
luminophore which is not quenched by oxygen can be combined with an oxygen sensitive
luminophore.  This dual luminophore temperature/pressure paint can be used for

temperature correction in PSP measurements. Furthermore, a multi-color PSP can be




developed to simultaneously correct the effects of both temperature variation and non-
uniformities in lighting, paint thickness and concentration.

Some preliminary experiments indicate that a two-color PSP can correct variations
in illumination intensity (Oglesby et al. 1995b, Harris and Gouterman 1995). Three
pressure sensitive paints with an internal temperature sensitive luminophore have also been
tested by Oglesby et al. (1996). These results show that the dual luminophore paint
enables point-by-point correction of the temperature effects on PSP measurements.
Nevertheless, a two-color PSP has not been used in a wind tunnel test yet. Recently, a
two-color PSP was used to measure the pressure distribution in a low speed impinging jet
(Torgerson et al. 1996).

In contrast, the two-color thermographic phosphor technique is well developed
and has been used at NASA-Langley for aerothermodynamic testing (Buck 1988, 1989,
1991). This system used a ‘blue-green’ Radelin phosphor that exhibits two emission peaks
at 450 nm and 520 nm. It was found that the ratio of the blue to green emission intensities
is a function of temperature and independent of the UV illumination intensity. A more
current two-color phosphor system uses a ‘green-red’ mixture of rare-earth and Radelin
phosphors for a broader range of temperature sensitivity. Separated filtered images were
recorded by three CCD cameras, utilizing off-the-shelf front-end video optics to
discriminate wavelengths and align camera images. The blue and green images were
digitized by a patented video acquisition system (512 x 512 pixels) and transferred to
workstations for data processing. Surface temperature distributions at different times

were calculated using the calibration relation and heat transfer distributions were obtained



based on the one-dimensional heat conduction equation. Detailed descriptions of the
multi-color phosphor thermography system are given by Buck (1988, 1989). In principle.
this measurement system can also be used for multi-color PSP measurements.

5.3 Laser scanning system

A laser scanning system for TSPs and PSPs is shown in Fig. 11. A low power
laser is focused to a small point and scanned over the surface of the model using computer
controlled mirrors The laser illumination excites the paint on the model and luminescence
is detected by a low noise photodetector (e.g. a PMT). The photodetector signal is
digitized with a high resolution A/D converter and processed to obtain temperature or
pressure. The mirror is synchronized to the data acquisition so that the position of the
laser spot on the quel is accurately known. The mirror can be scanned continuously or
in steps. In order to compensate for the effect of laser power drift, laser power variation
is monitored by a photodiode. Detailed descriptions of the laser scanning system for TSPs
and PSPs are given by Hamner et al. (1994), Burns (1995), Torgerson et al (1996) and
Torgerson (1996).

Compared with the CCD camera system, the laser scanning system has some
advantages. (i) Luminescence is detected by a low noise photodetector. Before the
analog output from the PMT is digitized, several SNR enhancement techniques are
available to improve the measurement resolution. Amplification and band limited filtering
can be used to improve SNR. The signal is then digitized with a high resolution (12 to 24
bit) A/D converter. Additional noise reduction can be accomplished by using a lock-in

amplifier if the laser intensity is modulated. (ii) The laser scanning system can be used for




measurements in a facility where optical access is very limited and the CCD camera system
is difficult to use. (iii) The system provides uniform illumination over the surface by
scanning a single light spot. The laser power is easily monitored and correction for laser
power drift can be made for each measurement point. (iv) The system can be easily
adapted for measuremeﬁt of luminescent lifetime or phase shift if a pulsed or modulated
laser is used.

5.4 Lifetime-based detection system

A promising method for making temperature and pressure measurements is by
determining the luminescent lifetime of the paint rather than the luminescent intensity.
Compared with the intensity-based method, the greatest advantage of this method is that
the lifetime-temperature or -pressure relation is not dependent. on iliumination intensity.
Therefore, the calibration relation is intrinsic for a particular paint and the intensity ratio
process is not required. Also, the lifetime measurement is insensitive to luminophore
cconcentration, paint thickness, photodegradation, turbid paint surface and dirty optical
surfaces. The temperature or pressure can be directly obtained irom the measured
lifetime. The lifetime measurement technique has been well-developed by photochemists
(Brody 1957, Bennett 1960, Gewehr and Delpy 1993, Sholes and Small 1980, Grattan et
al. 1987, Birch and Imhof 1991, Szmacinski and Lakowicz 1995, Papkovsky 1995).
However, a practical lifetime measurement system for aerodynamic testing is still in an
initial stage of development. The basic configuration of this system could de similar to the
laser scanning system in Fig. 11, except a pulsed excitation light would be used. After

each pulse, the luminescence decay is detected by a PMT and acquired by 4 computer.




The lifetime can be calculated by fitting the data with a single exponential function. or a
multi-exponential function for a complex decay. Then. temperature or pressure is
obtained using the calibration relation. With thermographic phosphors, Tobin et al.
(1990) and Alaruri et al. (1995) have explored the feasibility of the lifetime detection
method for temperature measurement on rotating turbine blades. Using a lifetime
detection system, Davies et al. (1995) measured the pressure distributions on a cylinder in
subsonic flow and on a wedge at Mach 2. Comparison with data obtained by conventional
pressure taps was favorable.

A frequency-domain method equivalent to lifetime measurement is detection of the
phase angle between the luminescence emission and the modulated excitation light (Birch
and Imhof 1991). When harmonic modulation of the illumination light is used, the
response of the luminescence intensity can be simply described by a first order model
equation, dI/dt=-1/1+ Aexp(iwt), where 1 is the lifetime, ® is the angular frequency
of modulation, and A is the absorption amplitude of the paint under the modulated
excitation light. The solution to this equation is I=TA(l+m>72)""? exp[i(ot - B)],
where B = tan~'(w7) is the phase angle of the luminescence response with respect to the
modulated excitation light. If the modulation frequency is fixed, the phase angle B is a
function of the lifetime and hence is dependent on temperature or pressure. The phase
angle can be measured using a lock-in amplifier. Campbell et al. (1994) gave a calibration
between phase angle and temperature for Ru(bpy)-Shellac paint at 100 kHz modulation

frequency. A simple phase detection system using blue LED excitation was used to

measure surface temperature on an electrically heated steel foil on which a round air jet
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impinged (Campbell et al. 1994). Torgerson et al. (1996) measured the pressure
distribution in a low-speed impinging jet using a laser scanning system with an optical
modulator. A portable two-dimensional laser scanning system that can simultaneously
detect intensity and phase angle is being developed at Purdue University (Torgerson
1996). Recently, the capability of this system was examined by measuring pressure
distributions on an airfoil in a transonic wind tunnel. The pressure distributions obtained
based on phase detection are in agreement with those obtained based on intensity
detection. In future, an improved system will be used to measure the pressure distribution

on a wing in flight.

6. ACCURACY

Several papers have addressed the accuracy of the TSP (Liu et al. 1995c,
Cattafesta and Moore 1995) and PSP techniques (Morris et al. 1993a, Sajben 1993,
Bukov et al. 1993, Crites 1993). In general, the accuracy of the luminescent paint
tephniques depends on the properties of the paint itself and the measurement system used.
The error sources can be divided into three groups. The first class includes the error
sources related to the chemical and physical properties of the luminescent paint itself, such
as photodegradation, temperature and .pressure hysteresis, uncompensated temperature
influence, and the induction effect described by Uibel et al. (1993). The second class
contains the error sources of the measurement system, such as temporal variation of
illumination intensity, photodetector noise (shot noise and Johnson noise), photodetector

dark current, non-linearity of photodetector response, non-uniformity of CCD array,



wavelength overlap between illumination source and optical filters. and ambient light. The
third class of errors originates from displacement and deformation of the model due to
aerodynamic forces, contamination of the painted surface during wind tunnel tests, and
luminescence scattering interference between neighboring surfaces of a complicated model
configuration. Most of these errors are systematic errors and some, such as photodetector
noise and random variation of illumination intensity, are random errors. Since the
luminescent paint method is comprised of many different technical components, a
complete error analysis is a difficult task. Nevertheless, an effort has been made to
understand these error sources.

For TSPs, some of the systematic error sources can be controlled and
compensated. The effect of photodegradation can be minimized by reducing exposure
time. For some TSP coatings, the effect of temperature hysteresis (a phenomenon related
to the polymer structural transformation from a brittle glassy state to a soft rubbery state)
can be eliminated by pre-heating the paint beyond the glass temperature (Liu et al. 1995c,
1996b, Romano et al. 1989). After minimizing exposure time and removing temperature
hysteresis effects, Liu et al. (1995¢, 1996b) repeated calibration tests over several different
days for two typical TSPs (EuTTA-dope paint and Ru(bpy)-Shellac paint) using the
apparatus shown in Fig. 2. The frequency distributions of temperature error are shown in
Fig. 12 for these TSPs. A Gaussian distribution is also plotted as a reference. The
standard deviation of the temperature error is about + 0.8 °C for EuTTA-dope paint and
about = 2 °C for Ru(bpy)-Shellac paint. This calibration uncertainty includes the

contributions from random error sources related to the measurement system and the paint




itself. Hence, the results of these repeated measurements provide an understanding of the
uncertainty in TSP measurements. The largest discrepancies often occur at higher
temperatures where the luminescence is weak and the signal-to-noise ratio is low.

In order to evaluate the noise level of a scientific-grade CCD camera system,
Cattafesta and Moore (1995) examined the temperature uncertainty distribution on an iso-
thermal swept cylinder with a proprietary TSP coating. Actually, this uncertainty is
dominated by random errors of the CCD camera and represents a limit of achievable
temperature resolution of the measurement system. The uncertainty was found to vary
from 0.23 °C to 0.57 °C. Furthermore, to assess the bias error due to model motion, the
swept cylinder was slightly deflected (less than one pixel) by loading the model with
weights. A simulated wind-on image was acquired. In this case, the uhcertainty varied
from 0.23 °C to 4 °C. The larger error occurs at the edges of the model as a result of the
model motion. Liu (1996b) estimated the noise level of a standard CCD camera system
and a laser scanning system by determining the temperature on an iso-thermal surface with
EuTTA-dope and Ru(bpy)-Shellac paints. Improvements in SNR for these systems can be
achieved by ensemble averaging and using a lock-in amplifier.

For a PSP measurement system, the uncertainty in pressure can be determined
through repeated calibration tests. Using a simple calibration system with Argon laser
excitation and a PMT, calibration tests were repeated for a PSP sample (Ru(ph,-phen) in
GE RTV 118) at ambient temperature over several different days. Figure 13 shows the
frequency distribution of pressure error. The standard deviation is 0.2 psid over a

pressure range from 3 to 14.5 psia. In the above tests, daily temperature fluctuations may
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contribute significantly to calibration error since temperature in the vacuum chamber was
not controlled. It is expected that the uncertainty can be reduced in well-controlled testing
conditions. To estimate the uncertainty of PSP measurement with a scientific-grade CCD
camera system, Morris et al. (1993a) conducted a series of calibration experiments
focused on a proprietary PSP paint sample in a temperature and pressure controlled
vessel. After averaging 32 sequential images to improve SNR, they found that the
minimum pressure resolution near atmospheric pressure (13 to 16 psia) is about *+ 0.05
psid for their system. Note that the above uncertainty estimates do not contain the
contributic;ns from some major error sources such as temperature effects and model
displacement. The uncertainty of PSP measurements depends strongly on a systematic
error source associated with the temperature dependence of the paiﬁt. An analysis by
Sajben (1993) indicates that without implementing correction, temperature effects may

result in large errors in PSP measurements on a strongly non-isothermal surface.

7. TIME RESPONSE

In short-duration wind tunnel tests and for unsteady flow measurements, fast time
response of the luminescent paint is desirable. There are two characteristic time scales
that are related to the time response of the paint system. One is the luminescent lifetime
which represents an intrinsic physical limit for the achievable temporal resolution of the
paint. Luminescent paints usually have a lifetime ranging from 10'° seconds to
milliseconds. Another is the time scale of the diffusion processes: thermal diffusion for a

TSP layer and oxygen diffusion for a PSP layer. Based on the transient solution of the




diffusion equation, the oxygen diffusion time for a thin PSP coating is on the order of
L’ /D, ., where L is the coating thickness and D,, is the mass diffusivity. Similarly, the
thermal diffusion time for a thin TSP coating is on the order of L /o, where o is the
thermal diffusivity. In a forced-convection-dominated case, the thermal diffusion time can
also be expressed by Lk/ah, where k is the thermal conductivity and h is the convection
heat transfer coefficient. In general, the diffusion time is much larger than the lifetimes of
most luminescent paints. Therefore, the time response of a luminescent paint is mainly
limited by the diffusion processes for both TSP and PSP measurements.

To evaluate the time response of a TSP coating to a rapid temperature rise, Liu et
al. (1995¢) conducted a pulsed laser heating experiment. One side of a 25 pum thick steel
foil was heated by a 532 nm pulsed green beam from a Nd:YAG laser. The other side of
the foil was coated with Ru(bpy)-Shellac paint (about 10 pm thick) which was excited by
a 457 nm blue beam from an Argon laser. The change in luminescence intensity of the
paint was detected by a PMT and the temperature response was calculated using the
calibration relation. Figure 14 shows a typical temperature response of the paint to the
pulsed laser heating. The surface temperature increases rapidly after the pulsed laser beam
is turned on and then gradually decays due to natural convection. Two asymptotic

solutions for the spatially-averaged temperature increment <0 >=<T - T, > are
obtained. For the rapid heating process, <0 >= A, erfc(/1, /1), where A, = PovkL and

P is the strength of the pulsed heat source. The heating time constant is T, = L*/4c, where
o is the thermal diffusivity and L is the paint thickness. For the temperature decay

process, <6>= A exp(-2t/1,). The decay time constant T, = Lk/ath, where h is the
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heat transfer coefficient of natural convection and k is the thermal conductivity. By fitting
the experimental data with the asymptotic solutions, it is found that T, = 0.25 ms and 1> =
25 ms. Step-like jet impingement cooling on the surface of a hot body was also used to
test the time response of the paint. The time constant Lk/oh depends on the paint
thickness and the convection heat transfer coefficient. For the 19 pm thick Ru(bpy)-
Shellac paint, the measured time constant is 16 ms for air jet impingement cooling and 1.4
ms for Freon jet impingement cooling, respectively. Clearly, the time constant of the paint
is a function of local convective heat transfer.

Baron et al. (1993) studied the time response of several PSPs to oxygen
concentration changes using a pressure jump apparatus. The major component of their
apparatus is an air-tight chamber in which the PSP sample is located. After the chamber is
sufficiently evacuated, a valve is opened such that the pressure inside the chamber changes
from near vacuum to ambient pressure in about 1 ms. The corresponding luminescence
intensity change is detected by a PMT. Then, the response time is calculated. The PSPs
that they investigated are PtOEP in GP-197 and MAX-100 polymer binders and H,TFPP
in Silica-W, Silica-B and TLC binders. They found that the response times for the GP-197
and MAX-100 binders are 2.45 s and 0.4 s, respectively. The Silica-W and Silica-B
samples showed response times of 11 ms and 1.5 ms, respectively. The response time of
the TLC sample was about 25 us. Recently, using a similar set-up, Carroll et al. (1996)
measured the response of three PSPs to a step input: a proprietary PSP from McDonnell
Douglas, PtOEP on a white primer layer, and PtOEP in GP-197. For the McDonnell

Douglas paint with thickness ranging from 13 to 35 um, the response time varied from




0.042 s to 0.42's. The response time of PtOEP on a white primer layer was found to be
45 ms. For PtOEP in GP-197, the response times were 1.4 s, 1.6 s and 2.6 s for paint
thickness of 22 um., 26 um and 32 pm, respectively. Typical responses of PtOEP in GP-
197 to a step pressure jump are shown in Fig. 15. In addition, the response of PtOEP in
GP-197 to a sinusoidal pressure field was investigated by Carroll et al. (1995). The PSP
response amplitude and phase shift behave like a first-order linear system with a time
constant on the order of 1 s. The PSP response was further studied by Winslow et al.
(1996) in the frequency domain. Engler (1995) also tested the PSP response to periodic
pressure changes. For this paint, the limit of the frequency response was about 50 Hz and
therefore the time constant was about 20 ms. Bukov et al. (1992) reported that a
proprietary fast-responding PSP coating developed by TsAGI has a time constant of 5 ms.
Clearly, the diverse time constants of various PSPs result from effects of the different
polymer diffusivity, coating thickness and structure of the paints. In addition, Coyle et al.
(1995) noted that the basecoat on which the PSP is applied may increase the response time
through interactions between the basecoat and the paint (oxygen degassing and solvent

attack).

8. TSP APPLICATIONS
The TSP technique has been used in wind tunnel tests for flow diagnostics and for
measuring heat transfer. This section briefly describes several typical applications of TSP.

8.1 Hypersonic vehicle models
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Global surface heat transfer distributions on a waverider model in Mach 10 flow
have been obtained using EuTTA-dope paint (Liu et al. 1994b, 1995b). These
experiments were conducted in the Hypervelocity Wind Tunnel No. 9 at the Naval Surface
Warfare Center. The waverider model has an overall length of 39 inches, a span of about
16.2 inches and a base height of about 6.8 inches. The angle of attack was 10 degrees and
the wind tunnel run time was 2.3 seconds. A thin Mylar insulating layer covered one half
of the windward side of the model, and EuTTA-dope paint was applied on the insulating
layer. The temporal evolution of the surface temperature distribution was obtained, and
then heat flux was calculated using a simple heat transfer model. Figure 16 shows a
representative map of heat flux on the windward side of the waverider model when time is
0.57 seconds from tunnel start-up. The bright and dark regions correspbnd to high and
low heat transfer, respectively. The low heat transfer region near the leading edge
corresponds to laminar flow. Transition from laminar to turbulent flow can be easily
identified by an abrupt change from low to high heat transfer. Also observed was
movement of the transition line toward the leading edge as the laminar region diminished
and the surface temperature increased with time. Figure 17 shows a typical heat transfer
history for one location on the model. The TSP measurement is in good agreement with
data obtained by thermocouples.

Two-color phosphor thermography has been developed at NASA-Langley to
assess the aerodynamic heating on hypersonic vehicles (Buck 1988, 1989, 1991). Figure
18 shows a sample temperature image on a candidate vertical takeoff/vertical lander

concept. The configuration forebody is a sphere-cone with an 8 degree half angle.
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Toward the rear of the configuration. the cone intersects a cylinder with four flats cut on it
around the circumference. On each flat. a control flap has been positioned. The model
was tested in Langley’s 20-in Mach 6 tunnel. For the images shown here, the camera is
viewing the windward side of the model. The model is at an angle of attack of 17.5
degrees, the body flap is deflected 20 degrees and the freestream Reynolds number is 7.35
million per foot. The phosphor image exhibits a high heating front proceeding from the
side of the cone back to the centerline. The high heating i§ associated with the onset of
crossflow transition. Another example is a 0.75% scale Shuttle Orbiter model. A
temperature image of the windward side of the model is shown in Fig. 19. This
experiment investigated the sensitivity of transition to roughness height and off-centerline
location. The model is at 40 degrees angle of attack, the body flap aﬁd elevon deflection
angles are zero,-Mach number is 6 and the freestream Reynolds number is 3 million per
foot. A small roughness element, approximately scaled to resemble a raised shuttle tile, is
located on the windward side at a quarter of the body length from the nose. The phosphor
image clearly shows the turbulent wedge caused by the tripping element.

8.2 Shock/boundary layer interaction

EuTTA-dope paint has been used to measure heat transfer in several typical
shock/turbulent boundary layer interacting flows: swept shock/boundary layer interaction,
flows over rearward- and forward-facing steps, and incident shock/boundary layer
interaction (Liu et al. 1995a). The field mapping ability of the TSP tecnnique allows the
study of heat transfer patterns in three-dimensional separated flows induced by

shock/boundary layer interactions. A typical test example is the swept shock/turbulent
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boundary layer interaction. An attached planar shock generated by a sharp fin interacts
with an incoming turbulent boundary layer on the floor of the test section and produces a
complicated three-dimensional flow separation. Previous experiments (Settles and Lu
1985) suggested that except in the inception region near the leading edge of the fin,
physical quantities (pressure, heat transfer, etc.) on the floor may approach a quasi-conical
symmetrical state in which these quantities remain invariant along a ray from a virtual
conical origin. Several heat transfer measurements (Lee and Settles 1992, Rodi and
Dolling 1992) were made in the quasi-conical symmetry region using conventional sensors
distributed discretely along a fixed arc. The TSP coating allows heat transfer
measurement in the inception region where flow lacks the presumed quasi-conical
symmetry and heat transfer significantly changes along the radial direction. Figure 20
shows a heat transfer map in the inception region which was obtained from a luminescent
intensity image at M.. = 2.5, & = 10° and Res = 1.3 x 10°. In the map, bright and dark
regions correspond to high and low heat transfer, respectively. The primary separation
line can be identified. The highest heat transfer region is located in the neighborhood of
the fin. Figure 21 presents the distributions of the relative Stanton number St/St, along
four circular arcs with different radial distance R from the leading edge of the fin, where
St; is a reference Stanton number in the undisturbed boundary layer upstream of the
leading edge. As R increases, the distributions tend to approach an asymptotic profile
near the fin while the asymptotic tendency is quite evident near the inviscid shock location.
When the maximum relative Stanton number St,,.,/St, is taken as a characteristic quantity,

it is found that Stn./St; increases with the non-dimensional radial distance R/§ and
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approaches the value measured in the quasi-conical symmetry region (Lee and Settles
1992). Hence. the asymptotic behavior of heat transfer in the inception region seems to
support the concept of quasi-conical symmetry.

8.3 Boundary layer transition detection

TSP has also been utilized as an approach to flow transition detection (Campbell et
al. 1992, Campbell 1993, McLachlan et al. 1993b). Since convective heat transfer is much
higher in turbulent flow than in laminar flow, TSP can visualize the surface temperature
difference between laminar and turbulent regions. In low speed wind tunnel tests, the
model is typically heated or cooled to enhance temperature variation across the transition
line. However, in high Mach number wind tunnel tests, artificial heating is not necessary
since skin friction can produce a significant temperature difference between laminar and
turbulent flow regions. Using EuTTA-dope paint, Campbell et al. (1992, 1993) visualized
transition patterns on a Boeing symmetric airfoil and a symmetric NACA 65,-021 airfoil in
a low-speed wind tunnel. The dependence of transition location on the angle of attack
was also determined. In these experiments, the models were pre-heated to about 50 °C
with a spot lamp in order to produce a temperature difference between turbulent and
laminar flow regions during subsequent convection cooling. A similar transition detection
experiment for a NACA-64A010 airfoil was carried out by McLachlan et al. (1993b) using
a proprietary TSP.

Recently, a cryogenic TSP system has been developed at Purdue University.
Several TSP formulations have been successfully used to detect transition on airfoils in a

0.1 m transonic cryogenic wind tunnel at the National Aerospace Laboratory (NAL) in




Japan and a 0.3 m cryogenic wind tunnel at NASA-Langley. In the NAL tests. two
formulations, Ru(trpy)-GP197 and Ru(VH127)-GP197. were used in a temperature range
from 90 to 150 K (Asai et al. 1996). The NACA 64A012 airfoil models were made of
white glass ceramic (MACOR) and stainless steel. The stainless stee]l model was covered
with a thin white Mylar insulating layer in order to increase surface temperature variation.
In these tests, the total temperature varied from 90 to 150 K, the Mach number from 0.4
to 0.7 and the Reynolds number based on chord from 2.2 to 8.5 million. In order to
enhance the temperature difference across the transition line, both a transient method of
rapidly changing the freestream temperature and a steady internal heating method were
employed. The effects of Reynolds number on transition pattern were also examined.
Figure 22 shows a typical relative luminescent intensity image of Ru(VH127)-GP197 paint
on the MACOR airfoil model at Mach 0.4 and a total temperature of 150 K. Flow is from
left to right. Bright and dark regions represents high and low heat transfer, respectively.
The turbulent wedge induced by a small roughness element placed near the leading edge is
clearly visible. The natural transition line near the trailing edge is also apparent.
Quantitatively, surface temperature can be calculated from the luminescent intensity ratio
using the calibration relation. Figure 23 shows the chordwise surface temperature
distributions at natural and forced transition locations on a stainless steel model with a thin
insulating layer. For this test, the freestream total temperature was rapidly changed from
150 to 142.5 K using liquid nitrogen injection. Natural transition is signified by a sudden

decrease in the chordwise temperature distribution. These results indicate that the TSP
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technique is a promising method for transition detection at cryogenic conditions where
many methods do not work.

8.4 Heat transfer in an excited circular impinging jet

Heat transfer distributions in an acoustically excited impinging jet were recently
investigated by Liu and Sullivan (1996a) using the TSP technique. A circular air jet
impinged on a thin stainless steel sheet stretched taut with springs and heated uniformly by
an electric current. EuTTA-dope paint was applied to tﬁe back side of the steel sheet for
temperature mapping. Two-dimensional Nusselt number distributions were obtained for
different excitation frequencies. These heat transfer distributions were affected by forcing
the impinging jet, and the loc;al heat transfer in the wall jet region was either enhanced or
reduced by adjusting the excitation frequency. The relationship bet'ween local heat
transfer and large-scale organized vortical structures was also explored.

8.5 Surface temperature of a hot film in shear flow

Using an optical magnification system, the TSP technique can achieve a very high
spatial resolution over the surface of a small object. The TSP method has been used to
measure the surface temperature field of a flush-mounted hot film sensor in a turbulent
boundary layer on a flat plate (Liu et al. 1994a). A commercial hot film sensor (TSI
1237), which has a 0.127 mm streamwise length and a 1 mm spanwise length, was studied.
EuTTA-dope paint was applied to the hot film sensor for temperature mapping.
Luminescence intensity images were obtained with a camera through an optical
magnification system. Streamwise and spanwise surface temperature distributions were

computed from the intensity images.
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9. PSP APPLICATIONS

Most PSP measurements on aerodynamic models have been conducted in transonic
and supersonic wind tunnels. Recently, the PSP technique has been used for pressure
measurements in low-speed flows and on rotating machinery.

9.1 Tests in wind tunnels

PSPs have been applied to pressure measurements in wind tunnel tests over a wide
range of Mach numbers in order to examine the feasibility of this method. Kavandi et al.
(1990) aﬁd McLachlan et al. (1993a) tested a two-dimensional airfoil (NACA-0012) over
a Mach number range of 0.3 to 0.66. A shock on the model upper surface was clearly
identified at a Mach number of 0.66. Comparison of the PSP- pressure results to
conventional pressure tap measurement was good. McLachlan et al. (19952, 1995b) also
tested a large generic transport wing/body configuration at transonic Mach numbers from
0.7 t0 0.9. The PSP data not only provide good quantitative chordwise pressure results,
but also give complicated two-dirﬁensional pressure maps that would be difficult to
deduce from the usual discrete tap data. Some experiments conducted in the McDonnell
Douglas Research Laboratories (Morris et al. 1993b) include pressure measurements on a
generic wing/body model (M.. = 2 and o = 8 degrees), a model of a high performance
fighter (M. = 1.2), and a two-dimensional converging/diverging nozzle. The McDonnell
Douglas PSP was also used to visualize the pressure distribution in a shock/turbulent
boundary layer interaction (Donovan 1992, Morris et al. 1993b) and measure the pressure

field about a sonic jet injected transversely into a Mach 1.6 free-stream flow (Everett et al.
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1995). Sellers and Brill (1994) conducted a demonstration test of a PSP on an aircraft
model in the Amold Engineering Development Center transonic wind tunnel. The PSP
data agrees well with conventional pressure measurements and CFD computations. Some
experiments have also been done in short-duration wind tunnels. Using fast-responding
PSP coatings developed at TsAGI, Troyanovsky et al. (1993) carried out a semi-
quantitative pressure visualization for a shock/body interaction in a Mach 8 shock tube
with 0.1 s duration, and Borovoy et al. (1995) determined the pressure distributions on a
cylinder at Mach 6 in a shock wind tunnel with about 40 ms duration. In general, the PSP
technique'works well in high Mach number subsonic flows and supersonic flows since
static pressure changes are typically large. Recently, Morris (1995) measured the pressure
distributions on delta wings at low Mach numbers ranging from 0.05 to 0.2. These results
indicate the low pressure regions induced by leading edge vortices. Good quantitative
agreement is shown between the paint measurements and tap measurements.

Figure 24 shows a typical surface pressure map for the interaction of a cylinder
mounted normal to a flat floor with a supersonic turbulent boundary layer .at a freestream
Mach number of 2.5. In this test carried out in the Purdue University supersonic wind
tunnel, the incoming boundary layer thickness is 4 mm, the cylinder height is 15 mm, and
the cylinder diameter is 4.8 mm. The viewing angle of the camera is about 50 degrees.
The PSP, Ru(ph,-phen) in GE RTV 118, was applied to the floor surface for pressure
measurement. The pressure map clearly indicates a pressure rise induced by a bow shock
ahead the cylinder and a low pressure region in the. turbulent wake behind the cylinder.

The centerline pressure distribution ahead of the cylinder is plotted in Fig. 25 along with
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pressure tap data. The general behavior of the pressure distribution agrees with the
previous results of Doiling and Bogdonoff (1981).

9.2 Tests in rotating machinery

The PSP technique provides a promising tool for measuring surface pressure
distributions on a high-speed rotating blade with high spatial resolution. Instrumentation
is particularly difficult in the rotating environment. The conventional pressure taps give
pressure data only at discrete points and weaken the structure of the rotating blade. In
contrast, the PSP method does not have these disadvantages since the sensor coating is
applied to the blade surface and the luminescence measurement is non-contact.
Preliminary PSP measurements on rotating machinery were conducted by Burns and
Sullivan (1995) with a laser scanning system. Using Green Gold absorbed onto silica gel
TLC plates, pressure distributions were obtained on a small wooden propeller (37 cm
radius and 3.8 cm chord) at a rotational speed of 3120 rpm and a TRW Hartzell propeller
(92 cm radius and 10.4 cm chord) at a rotational speed of 2360 rpm. The PSP-derived
pressure coefficient distributions across the blade show a reasonable trend. Instead of a
laser scanning system, Hubner et al. (1996) suggested a lifetime imaging method for
pressure measurements on rotating machinery. This method is based on detecting the
luminescent decay traces of a rotating painted surface on a CCD camera. Recently, a test
was performed to measure the chordwise pressure distributions on the rotor blades of a
high speed axial flow compressor (Liu et al 1997). TSP (Ru(bpy)-Shellac) and PSP
(Ru(ph,-phen) + silica gel particles in GE RTV 118) were applied to alternating blades.

The TSP provided the temperature distributions on the blades for temperature correction




of the PSP results. A scanning laser system was used for excitation and detection of
luminescence. Both the TSP and PSP were excited with an Argon laser and luminescence
was detected with a Hamamatsu PMT. The laser scanned 21 spanwise locations over 2
inches on each blade. At each spanwise location, data was acquired at 100 chordwise
locations over 2 inches. Thus, two-dimensional temperature and pressure maps at
different rotational speeds were obtained on the blade surfaces. Figure 26 shows the
chordwise pressure distributions on the suction side of a rotating blade at a radius of 5
inches (mid-span) for several rotational speeds (10000, 13500, 14750, 16000, 17000, and
17800 rpm). The pressure distributions indicate the formation of a shock on the surface as
rotational speed is increased. The rapid rise in surface pressure induced by the shock can

be clearly observed at the high rotational speeds of 16000, 17000 and 17800 rpm.

10. CONCLUSIONS

The fundamentals of the TSP and PSP techniques have been discussed in this
review. The TSP technique has been used not only to visualize surface flow features such
as boundary layer transition, shocks and separation, but also to obtain quantitative surface
temperature and heat transfer maps in several cases with good accuracy. Applications of
the PSP technique are focused on surface pressure measurements on airfoils, generic -
wing-body models and aircraft models over a wide range of Mach numbers. The field
mapping capability of the TSP and PSP techniques provides information about
complicated flow characteristics that cannot be easily acquired using more conven;ional

methods. Much effort has being made to improve the essential elements of the
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measurement system including paint formulation. illumination. imaging. and data
acquisition/processing hardware and software. Currently. the development of successful
TSP and 'SP formulations is of fundamental importance. While no single TSP or PSP is
applicable to all test conditions, a series of optimal TSPs and PSPs will be developed in
the future for temperature and pressure measurements in most wind tunnels ranging from
cryogenic to high enthalpy tunnels encompassing subsonic to hypersonic speeds. The
capability of the measurement systems can be further extended and refined such that TSP

and PSP measurements will become a routine procedure in aerodynamics testing.
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Figure 2 Apparatus for TSP calibration
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Figure 3 Temperature dependence of luminescence
intensity for several TSP formulations: (1) Ru(trpy) in
Ethanol/Methanol, (2) Ru(trpy)(phtrpy) in GP-197, (3)
Ru(VHI27) in GP-197, (4) Ru(trpy) in Du Pont
Chroma Clear, (5) Ru(trpy)/Zeolite in GP-197, (6)
EuTTA in dope, (7) Ru(bpy) in Du Pont Chroma
Clear, (8) Perylenedicarboximide in  Sucrose
Octaacetate. (T =-150°C).
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Figure 4  Arrhenius plots for EuTTA-dope and
Ru(bpy)-Shellac paints, (T, = 293 K).
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Figure 6 Stern-Volmer plots for several PSPs at
ambient temperature (22 °C), where P is the ambient
pressure and I is the luminescence intensity at ambient
conditions.  These plots are obtained by fitting
experimental data with the Stern-Volmer relation.
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Figure 7 Stern-Volmer plots at different temperatures
for Ru(ph,-phen) in GE RTV 118, where P, is the
ambient pressure (1 atm) and I is the luminescent
intensity at ambient conditions (26.7 °C and 1 atm).
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Figure 8 Lifetime-temperature relations for Ru(bpy)-
Shellac and EuTTA-dope paints.
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Figure 9 Lifetime-pressure relation for Ru(ph.-phen) in
GE RTV 118 at 22 °C, where T, is the lifetime at

ambient pressure.
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Figure 12 Temperature calibration error distributions,
(a) EuTTA-dope paint, (b) Ru(bpy)-Shellac paint,
where o is the standard deviation.
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Figure 13 Pressure calibration error distribution for
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Figure 14 Temperature response of Ru(bpy)-Shellac
paint to pulsed laser heating on steel foil.
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Figure 15 Response of PtOEP in GP-197 to a step
change in pressure (from Carroll et al. 1996).




Figure 16 Heat transfer map on the windward side of a
Mach 10 waverider model at t = 0.57 s. Flow moves
from right to left.
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Figure 17 Heat transfer history on a Mach 10
waverider model at location T7G.




Figure 18  Temperature image on a vertical
takeoff/vertical lander concept (from G. Buck and N.
R. Merski of NASA-Langley)

Figure 19 Temperature image on a Shuttle Orbiter
model (from G. Buck, S. A. Berry and G.
Brauckmann of NASA-Langley)




Figure 20 Heat transfer map in swept shock/boundary
layer interaction at Mach 2.5.
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Figure 21 Relative Stanton number distributions at
four radial distances in swept shock/boundary layer
interaction at Mach 2.5.




Figure 22 Transition image on a NACA 64A012 airfoil
in a cryogenic wind tunnel where total temperature is
150 K and Mach number is 0.4. Flow moves from left
to right.
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Figure 23 Chordwise surface temperature distributions
in natural and forced transition regions on a NACA
64A012 airfoil in a cryogenic wind tunnel (Ty; = 150 K
and Toz = 142.5 K)
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Figure 24 Surface pressure map for the interaction of a
cylinder with a supersonic turbulent boundary layer at
Mach 2.5. Flow moves from right to left.
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Figure 25 Centerline pressure distribution for the
interaction of a cylinder with a supersonic turbulent
boundary layer at Mach 2.5.
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Figure 26 PSP pressure distributions on the suction
surface of a compressor rotor blade at a radius of §
inches (mid-span) for different rotational speeds
(10000, 13500, 14750, 16000, 17000, and 17800 rpm).




